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ABSTRACT 

Regions of clear nir turhulencc i n  the  upper  troposphere  and lowcr stratosphere  are classified into  four  groups, 
and  the  characteristics of each  group  are  summarized. An empirical  turbulcnce index is dcfincd that  describes 
meteorological conditions associnted with a type of turbulent region that  is rclatively  large and that  sometimes 
contains  severe  turbulence.  The  turbulence  index,  Richardson’s  number, and other nleteorologicnl quantities  are 
described i n  relation  to a clearly defined case of turbulence  observed by a research  aircraft. For the  period Il/lnrch 
12-24, 1962, vcrtical  shear, lapse mtc,  Richardson’s  number,  and  the  tnrbulcnce index were cnlculatcd  by  electronic 
computer  from  rawinsonde  data  ovcr  the  United  States.  These  compnted  qllantities  are  compnred  with  pilot 
reports of turbulcnce.  Individual  maps  are  prcscntcd  that  illustrate  substantial  agreemcnt between computed 
quantities  and  turbulence  reports.  Standard  statistical  tests  show  that  both  Richardson’s  number and the  turbulcnce 
index  have  definite skill in turbulence  analysis. Suggestions are given for  further  improvement of criteria  for 
analyzing  tnrbulcnce. To enhance  turbulence  research  and  operational  analysis,  the  writers believe that  a  turbulence 
sensor opcrnted as an integral p:wt of the  radiosonde systcrn is rery desirable. 

1. INTRODUCTION 

The nleteorological characteristics of regions of clear 
air  turbulence  have  been  described  in  several  recent  papers 
[I, 2 , 3 , 4 , 6 ,  11,131. On thebasisof wind and  temperature 
fields, particularly  on the mesoscale, i t  appears that  tur- 
bulent regions may  be classified as follows: 

A. One  type of region in which turbulence  is  often  ob- 
served  consists of quasi-horizontal  layers of appreciable 
wind  speed  in  which  wind  direction  changes markedly  in 
the vertical  and  horizontal.  These conditions of flow are 
especially favorable  to  turbulence when they occur at  the 
boundary of an  upper  front or a t  the  tropopause. Layers 
with  these  characteristics  are  usudly  located  within a 
few hundred miles laterally  from a jet  stream,  and occur 
more  frequently  in and downstreanl  from  sharp  troughs 
and ridges than in straight  or  gradually  curved  portions 
of the flow. In  sharp troughs,  such turbulent regions are 
generally a t  or  slightly below the level of the  jet core, 
while in  ridges they  are  above  the core. The vertical 
wind shear  vector (bVlbz) is large  due  to  the  directional 
chnnge. A large  vertical  change  in  wind  speed may  or 
may not exist in  the locale of this type of turbulence. In  
either case, the large  shear  vector  tends  to  make  the 
Riclmdson  number small.  Horizontal  shear  is  usually 
cyclonic. Mesoscale vertical  motions  having  intensities 
on the  order of a meter  per second are found  in  and  near 
the  turbulent regions. The  turbulent  areas  may  be 100 
mi. wide and some hundreds of miles long  parallel  to the 
flow direction. The  intensity of the turbulence may  be 
severe. These meteorological conditions are consistent 

with  Iiuettner’s [SI hypothesis that  unstable  gravity- 
inertia  waves  produce the eddies (75 to SOO-ft. wave- 
lengths) that  are  turbulent  to a subsonic jet  aircraft. 
Regions of this type  are  frequently  detectable  by  andysis 
of upper-air data of the  density  that exists over  the  United 
States. 

B. A second type of turbulent region consists of areus 
new pronounced  jet cores (within  approximately 75 mi. 
on the cyclonic side of the core and  within approximntely 
3000 ft. in  the  vertical). I n  these regions, vertical shear 
changes from  strongly  positive below the core to  strongly 
negative  above;  i.e., b2V/dz2 has a large  negative  value 
[12]. (Dynamically, the change  in  shear  represents a 
stabilizing effect that  tends to prevent  vertical  penetra- 
tions  through  the  jet  core  and  maximum  wind  level.) 
The lapse rate is  generally  moderately  unstable. Pro- 
nounced  turning of wind with  height  is  not  observed  in 
the  vertical; however, there  are  indications  from rhircraft 
data  that  strong  horizontal convergence  (or  divergence) 
exists on  the mesocale as a result of lateral c l ~ ~ n g e s  of 
wind direction and  speed.  The  turbulent  areas  nre gen- 
erally  smaller than  those of type A described  above. 
Turbulence  intensity may  be  moderate or  severe in some 
cases. These regions are difficult to detect  from  upper- 
air data because of their  relatively  small size and because 
of the loss of some  wind reports  in well developed jet 
streams. 

C. A third  type of turbulent  area occurs in  anticyclonic 
horizontal shear (generally south of jet streams) below 
the maximum  wind  level.  Vertical  wind shear  and  turn- 
ing of the wind with  height do not  have  unusual  magni- 
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the  same  general  area  but t,heir  presence“is not believed 
to  be of importance  in  affecting  the  turbulent  intensity. 
The  turbulent  areas  may be quite  large  but  the  intensity 
is  generally  Iight  or  light-to-moderate. 

D. It is we11 known that  mountain waves  contairl 
highly  turbulent conditions in  rotors m d  sometimes at 
the  tropopause [SI. Thus,  mounta’in-wave  turbulence 
may  be considered  as another  type of free  air  turbulence. 
Even when well developed mountain waves are  not 
present,  nlountainous  terrain  appears to increase some- 
what  the size and  intensity of turbulent regions in com- 
parison  with  turbulence  expected  with  the  same flow 
conditions  elsewhere.  Similarly,  increased  probabilities 
of turbulence  apparently  exist  downstream  from  areas of 
deep  convection. 

Synoptic-scale  features of the  upper flow in  turbulent 
regions  (determined  from  large  numbers of comrnercinl 
and military  pilot  reports)  have been  investigated  by 
Colson [1,2,3j. These  studies show that  turbulent areas 
are sometinles  very  large (perhaps 1000 mi. along the flow 
direction) itnd may persist  for  periods  up to a day (as  on 
March 14 and 15, 1962, south of the  Great  Lakes).  In 
Colson’s February 1963 data,  turbulent  areas showed 
definite  relationships  to mean trough  and  ridge  positions. 

Taken  together,  the synoptic-scale and mesoscale 
characteristics  suggest a relationship  as follows. In  cer- 
tain  portions of the synoptic-scale flow patterns,  inertial 
forces tend  to  produce  large mesoscale  variations of wind, 
vertical  motions,  and  temperature.  These  mesoscale 
features  provide  conditions  favorable for the  initiation 
and  growth of unstable  wave  motions  that  degenerate  into 
turbulent eddies. The mesoscale “generating” regions of 
turbulence  tend to  travel  with synoptic-scale patterns 
(troughs,  ridges, and jet  streams). As wind speeds in  the 
upper flow are generally faster  than  pattern  motions,  air 
parcels may  overtake  and pass through  the  generating 
regions.  Theoretically,  the  continuation  or  cessation of 
turbulence,  once  initiated,  deperlds  on  the  local  Richardson 
number. 

The  main  purpose of this  paper is to  investigate 
objective  methods of identifying  turbulent  regions  from 
standard  upper-air  data, assunling that  the descriptions 
of turbulent regions  given  above are essentially  correct. 
In  section 2 a “turbulence  index”  intended  to identify 
turbulent regions of type A is  defined,  and in section 3 
its application is illustrated  in  a case of moderate  turbu- 
lence  observed by a research  aircraft. In  sections 4 and 
5, the  utility of the  turbulence index and  Richardson’s 
number  is  tested  in  individual cases and  statistically 
by comparison with  turbulence  reports for the period 
March 12 to 24, 1962. 

OBSERVE0 

FIGURE 1 .--Comparison of Richardson’s  number  and the turbulence 
index  under  typical  conditions. 

2. DISCUSSION OF TURBULENCE  CRITERIA 

In order to  identify  turbulent regions of type A, the 
product 01 wind speed (V)  and  change of wind direction 
(a) with  height  was  conquted for  several  cases of moderate 
or severe turbulence [4]. It was  found that  patterns of 
\V(boc/dz) \ related well to  turbulent regions oP type A 
in  several  cross-sectional  flights  through jet  streams 
(large  magnitudes  were  associnted wit.11 turbulence  and 
small  magnitudes  with  smooth  flight). The relationship 
of turbulence to a verticnl  change  in wind speed (dV/dz) 
appeared  to  be  weaker than with V(aa/bz). (This 
empirical result  should  be  checked by means of further 
detailed  measurements of winds and turbulence.) The 
vertical  shear vector is related to  both speed  and  direc- 
tional  shear according to  the identity- (bV/b;.)2= ( b V / b ~ ) ~  
+V*(ba/b~)~ for a in  radians. ThereFore the  Richardson 
number ge-l(ae/bz)/(dV/bz)z trends to  be small when 
V(boc/bz) is  large. But if V(da /bz )  is srna.11 as n result of 
a negligible  direction  change,  a  large  vertical  speed  change 
Can still  produce a large  vector  shear  and a small Ri 
number;  i.e., a small Ri number  does  not  imply that 
pronounced turning of the wind wit11 height  exists. As 
mentioned  earlier,  moderate or seyere  turbulence  tends 
to  occur n t  the boundaries of upper fronts or at   the 
tropopause.  These  boundaries  are  characterized  by 
significant  changes  in  lapse  rate,  i.e.,  by  large  magnitudes 
of bzT/bz2. In   the  present  investigation we have com- 
bined  terms for wind  speed,  wind  direction  change,  and 
lapse rate change  in a convenient  way  as  the  product 
V(ba/dz) (aZT/bz2), and  have  tentatively called it the 
“turbulence  index.” The relationships  between the 
turbulence  index  and  Richardson’s  number  under  typical 
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conditions  are  illustrated  in figure I .  I n  section 4 it 
will be shown that  the Ri number  and  turbulence  index 
computed  from  upper-air data  are of approximately 
equivalent  skill  in  identifying  turbulent regions. 

3. METEOROLOGICAL  CONDITIONS  ASSOCIATED 
WITH A CASE OF MODERATE  TURBULENCE 

A clear example 01 moderate  turbulence of type A 
and  the rissociated meteorologicd  conditions is shown 
in figures 2-5. The observations were made  by  the 
Air Force  Cambridge  Research  Laboratories’ B-47 air- 
craft in a flight  from Los Angeles (at  right)  to  Bryce 
Conyon,  Utah  (at  left)  perpendicular  to a strong  jet 
stretlm [SI. The  aircraft  path  and  turbulent  gust  intensity 
are shown in figure 28. The  turbulent  area occupied 
only a small  portion oi the  jet  stream, as is typicnl 01 
such cases. The  thernd field shows essentially barotropic 
conditions  over  most of the cross section  and a very 
pronounced  upper (or “jet”)  front  in  the lower  left 
corner.  Moderate  turbulence  lsy  within  and along the 
lower boundary of this  stable  layer,  and  light  turbulence 
extended  upward  into  the  jet core. The  Doppler  wind 
measurements of the  aircraft (fig. 3) show that  the  jet 
core lay  immediately  above the stable  layer.  Strong 
horizontal  and  vertical wind  shear were associa,ted with 
this  layer.  The  outstanding  feature of the wind field in 
relation  to  turbulence was the pronounced  change of 
wind  direction  in  the  turbulent region. The Richardson 
number (fig. 4%) had  minimum values along the  upper 
and lower  boundaries of the  stable  layer.  The  observed 
turbulence  corresponds well to  the  latter region. The 
quantity  V(da/dz)  had  maximum  magnitudes  in  the 
turbulent region, and  moderately  Imge d u e s  a.lso existed 
iu  non-turbulent regiolls south of the  jet core. (These 
latter regions do not belong to  type  A because the hori- 
zontal  shear is not cyclonic and  there is no  vertical  change 
of lapse  rate.)  The  quantity b2T/be2 (fig. 5a) had  largest 
magnitudes at  the  frontal  boundariw  and  tropopause. 
The turbulence  index  shown  in figure 5b  had a rather 
clear relationship  to  the  turbulent region. Similar 
associations of turbulence  and  these  particular  meteoro- 
logical quantities  are  apparent  in  other cItse studies 
[4, 131. In the  present case, turbulence  near  the  jet 
core (type B) was not well developed. 

4. TURBULENCE  ANALYSIS  FOR  MARCH 12-24, 1962 

Questions  relating to  the  utility of upper-a.ir data  in 
identifying  turbulent regions, and concerning  objective 
methods of utilizing rawinsonde data for this  purpose  are 
obviously of operational  importance. To obtain  partial 
answers to  these  questions, we have  compared values of 
several meteorological quantities  to  turbulence  reports 
made  by airline and  military  pilots over the  United 
States.  These  data are from  a special reporting period 
in March 1962 [I] and were made  available  to  us  by  Colson 

in the  form of plotted  maps. One  could not  investignte 
these  problems without  data of this  type. 

I t  is well known that meteorological factors  related  to 
turbulence  often  occur  concurrently (for example, jet 
streams,  horizontal  and  vertical  shear,  directional changes, 
small Ri numbers,  and changes in lapse rate  may all be 
related  to A particular  turbulent  region).  Consequently, 
the  turbulence  analyst  could  formulate a number of 
criteria  based on difierent  combinations of factors. 
Ideally, we wish to  obtain  criteria using the  minimum 
number of factors that correctly  identify  turbulent re,’ vlons. 
At the  same  time, i t  is desirable  to  minimize  the  volume 
of atmosphere identified as turbulent, i.e., to  pinpoint 
the  malysis. 

From previous experience, we expected the Ri number 
and turbulence  index to be useful quantities  that could 
be  calculated easily from  upper-air data. These  quanti- 
ties  (and  their  component  terms  such as wind  shear  and 
lapse rate) were  calculated  by electronic computer  from 
mrd deck 645, obtained  from  the  National M7.eather 
Records  Center.  However,  instead of computing  the 
term V ( B a / d z )  in  the  turbulence  index, we computed  the 
more familiar  quantity ($?/!I) (V*ba/bz), which llf~s  the 
units OK. sec.” By use of the  thermal wind relation, 
this  latter  quantity is a  form of the  term  “thermal  advec- 
tion” that has been associated with  turbulence  by  Keitz 
[7] a,nd Schwerdtfeger  and  Radok [14]. Although  the 
patterns of V(da/dz) and  thermal  advection  are  similar, 
it  appears  that  the  term V 2  in thermal  advection  over- 
emphasized  high  wind  speeds.  Therefore, the  appropriate 
formulation of the  turbulence  index  is I V(  da/bz)  ( d2T/dz2) I. 

In  the  range from 500 to 200 mb.,  computations were 
made  over  50-mb.  intervals,  except for b2T/dz2,  which was 
computed over  100-mb. intervals.  Because  from 200 to 
100 mb.  data  are twice as frequent,  the  corresponding 
computational  intervals were 25 and 50 mb. The com- 
puted  quantities were printed  at sttition  locations  on  the 
same  base  map for which the  turbulence observrhtions 
were plotted,  thus  permitting  immediate compa,rison of 
the  computer  output  and  turbulence  reports. An example 
of a map of the  magnitude of wind shear IbV/bzl is  shown 
in figure 6 for March  15, 1962. Four numbers  in a row 
are  printed a t  each  rawinsonde  station,  applying  to  four 
50-mb. intervals (500-450,  450-400, etc.). Dashes signify 
missing data.  The  shears  have been scaled to  arbitrary 
units so that  the  majority  lie  between 0 and  9,  with 9 as 
an  upper  limit  (to  avoid  printing two  digits for a layer). 
The  present  units are 2x10-3 sec.” so that  the  printed 
number 4, for  example,  means A shear of 8XlOp3 sec.” 
(4.75 kt./1000 ft.).  Isotachs  and  jet  streams  at  the 
400-mb. level have also been indicated  in figure 6. Most, 
but  not all, of the  layers of large  shear  are associntecl with 
high  wind  speeds. The  letters T and N signify the pres- 
ence or absence, respectively, of moderate or severe 
turbulence as shown by Colson’s data. The turbulence 
reports sho\vn are  for  altitudes  between 18,000 and 29,000 
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FIGURE 3.-Vertical cross scetion, Flight E-36. Regions of moderatc  turbulence  shaded. (a). Wind  spccd measurcd by aircraft. 
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FIGURE 6.-Vcrtical wind  shear  ovcr  the  United  States, 0000 GMT, March 15, 1962. Four numbers a t  each  station  pertain  to  intervals 
500-450 mb., 450-400 mb., 400-350 mb., and 350-300 mb. (from left  to  right).  Shear is in  the  units 2X see.-*. Solid lines  mark 
jet  streams and principal  isotachs. T dcnotcs  moderate  or  scvere  turbulence  reported  by  aircraft; N denotes  no  moderatc or severe 
turbulence  reported. 
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+I 015-1 0-It3 0 -I 0-1 0 
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FIGURE 7.-Thc quantity a 2 T / d z 2  over  the  United  States, 0000 GXT, March 15, 19G2. Units of 10-6 O K .  m.--2 for  intervals 500-400 mb. 
450-350 mb., 400-300 mb., and 350-250 mb. T denotes  modcrnte  or  scvere  turbulence  reported by aircraft; N denotes no moderate 
or  severe  ttlrbulencc  reported. 
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FIGURE 8.-Values of Richardson's  number  (upper row at each  station)  and  turhulencc index (lower row) for 0000 GMT, Rfarcll 15, 1962 
for intcrvals 500-450 mb., 450-400 mb., 400-350 mb.,  and 350-300 mb. n is used for Ri 21.0 and for turbulcnce  index <l.O. T 
denotes  modcrate or scvcre turbulence  reported  by  aircraft; hi denotes no moderate  or scvcrc turbulence  reported.  Heavy solid  lines 
mark jet streams.  Light solid  lines  enclose  regions  in  which a  value of Ri 50.6  W:LS computccl; clashed lines  cnclose  regions  in  which 
the  turbulence index had a value 2 3 .  

- " -  "" 

FIGURE 9.-Values of Richardson's  number  (upper row at each  station)  and  turbulence  indcx (lower row) for 0000 GJIT, March 23, 1962 
for intcrvals 500-450 mb., 450-400 mb.. 400-350 mh.,  and 350-300 mb. n is used for Ri 21.0 and for turhulence  index 51.0. Sec 
figure 8 for explanation. 
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ft. and  fall  within a 6-hour  period  centered at  the  map 
time. In  order t o  make a reasonably  clear  differentiation 
between  turbulent  and  smooth  conditions, it was  decided 
arbitrarily to  apply  the  letter N only if three or  more 
flights traversed a given  region without  encountering 
moderate  or  severe  turbulence. One or  more  flights 
reporting  moderate or  severe  turbulence  is  assigned the 
letter T, regardless of nonturbulent flights  in the  same 
mea. 

OK. m.") are shown in figure 7 for  100-mb. layers (500- 
400 mb.,  etc.). Recalling that large  positive  values  indi- 
cate  the  base of stable  layers  and  negative  values  their 
upper  surfaces, we can  quickly  scan  the  numbers to  locate 
such  bounclaries. For example, a t  Midland,  Tex.,  the 
sequence  $6  -3 0 + 1 indicates  the  base ancl top of an 
inversion  in  the  first two layers followed by  little change 
in  lapse  rate  in  the two  higher layers.  A well-developed 
tropopause  normally  appears  (in  higher  layers) as a large 
positive  value of a2Tlbz2. 

The computed  values of Ri number  (top row at  each 
station) ancl turbulence  indes  (bottom  row)  are shown  in 
figure 8. It is  interesting  that  the  turbulence  reports 
(T's) occupy a large  continuous  area  south of the  Great 
Lakes,  estencling  from  Illinois t o  New  York.  This 
turbulent region  persisted  for  18  hr.  During  this  period, 
moderate  turbulence  was  reported by  approximately 50 
percent of the  flights  made  in  each  sector labeled by a T. 
In figure  8,  small  values of Ri and  large  nmgnitudes of the 
turbulence incles indicate  turbulence.  Negative  values 
of Ri (which have been  noticed  on a few occasions)  imply 
superadiabatic  lapse  rates.  Positive  and  negative signs 
have been retained  in  this  presentation of the  turbulence 
index;  however,  no  utility  has been  found  for  the  sign so 
that only  the  magnitude is of interest.  Taking  Peoria, 
Ill.  (just  south of Lake  Michigan) :LS an example,  in  the 
upper row the  sequence $9 +2 +4  n signifies Ri numbers 
of 0.9, 0.2, 0.4,  and  >l.O  (no  turbulence  expected). In 
the lower  row, the sequence n + 1 + 2  n signifies values of 
the  turbulence  index less than 1 (no turbulence  expected), + 1, $2, and no  turbulence. To aid  in  the  inspection of 
figure  8,  solid  lines are used to enclose  regions in which a 
value of Xi_< 0.6 mas computed, while  dashed  lines enclose 
regions  in  which the  turbulence  index  had a value 2 3. 

At  stations  in  the  western  United  States,  both  the 
Ri number  and  turbulence  indes  generally  indicate 
that no turbulence  should  be  espected.  East of the 
Mississippi River,  many  layers  are  found  having  small 
values of Ri or large  values of the  turbulence  index. 
The  patterns of the two  criteria  match  the  turbulence 
reports  quite  well;  however,  in  individual  layers,  the 
two  criteria do not necessa.rily  agree. 

The  quantities  mentioned  above were computed  and 
printed for 0000 and 1200 GMT during  the period March 
12-24, 1962. In  the  interest of brevity,  only  one  ad- 
ditional  chart of this series will be  mentioned. On 
March 23 (fig. 9), a Tery strong  jet  in  advance of a 

Computed  values of the  quantity b2T/az2 (units 

trough  lay over the  southeastern  United  States.  Both 
turbulence  criteria  indicate  unusual vdues along the 
jet; however,  no aircraft  data were  available  in  this 
region. Farther  away  from  the  jet,  the  aircraft  reports 
compared  favorably  with the  computations. 

In  summary,  the computed  values of the R i  number and 
turbulence index  were in  ywlitative agreement  with 
turbulent  intensity  reported  by  aircraft  during  the 
period March 12-24, 1962. In regions  where aircraft 
reports were not  obtained the criteria  indicate  turbulent 
regions that  are  relnted to  troughs,  ridges,  and  jet  streams 
as one would expect. 

5. STATISTICAL  ANALYSIS OF TURBULENCE  CRITERIA 

The series of maps of Ri  number,  turbulelxe  indes, 
nnd  turbulence  reports  for the period hlarch 12-24, 
1962 were  used to  prepare  tables showing  t,he accuracy 
of these  two  criteria  in  turbulence  andysis.  The  plotted 
T's (turbulent flights) and NJs (no turbulence) were 
compared  with the Ri  number  and  turbulence  index 
at  the nearest  station in the region. For  the  first  test, 
Ri<0.6 and  turbulence  indes 23.0 (in arbitrary  units) 
were  chosen  as  denoting turbulence.  For  the  criteria 
within  these  ranges, a T constitutes a correct  identifica- 
tion  and an N constitutes a,n error.  Conversely,  for 
Xi  20.6 and  turbulence  indes  <3.0, an N is a correct 
identification,  and a T is a.n error.  The  criteria were 

TABLE ~. - -Acc~L~uc?J  of unalysis  of moderate or severe turbulence 
,using Ri number  and  turbulence  index (TI )  with,in  specified 
ranges.  Th.e  No-Skill  tables &ow  the numbers  to be expected by 
chance. The   sk i l l  score i s  shown b?] S. V O L  i s  th,e percentage 
of volunle  having 1h.e specijied  conditions of Ri or turbulence 
index.  

I R i  NO. 0.6 
ANALYZED NO S K I L L  

TURB 
m 
0 

II T i  NO. 2 3.0 
ANALYZED 

m 
0 266 327 

III R i  NO. < 0.6 AND I OR T i  NO.? 3.0 
ANALYZED 

TURB 
0 238 327 

m l  x 2 =  26.2 
S =0.24 

NO S K I L L  

S = 0.26 

NO S K I L L  

x = 38.2 
S = 0.34 
VOL = 6 Yo 
RE-4521-2 
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tested  separately,  and also  on an  alternative basis, ass 
shown in  table 1. 

Of the 327 cases that were  available,  120  were  turbulent 
and 207 were non-turbulent.  Using Ri <0.6 as a criter- 
ion, we correctly  identify 34 (or 28  percent) of the  turbu- 
lent cases and 191 (or  92 percent) of the  non-turbulent 
cases. The  numbers  to  be  expected  by  chance  are 
shown in  the no-skill table.  The  value of x2 for the 
difference between the  actual  and no-skill tables  is 26.2 
which is significant at   the 1 percent  probability level. 
The skill  score, S, (Panofsky  and  Brier [lo]) is 0.24, 
where 0 denotes  no skill and 1.0 denotes  perfect  agree- 
ment  between  observations  and analysis. The  number 
of intervals  found  to  have  values of Ri <0.6 was 4 per- 
cent of the  total.  The  optimum annlysis will maximize 
the  number of correct  identifications of turbulence 
while  minimizing the portion of atmosphere  involved. 

Using  the  turbulence  index 23.0  as a criterion (Part 
I1 of table I) gives  40 out of 120 (or 33 percent)  correct 
identifications of turbulence  and 186 out of 207 (or 90 
percent) of the  non-turbulent cases. Values of x2, S, and 
percentage of volume  are similar to  Part I of table 1. 

Since the Ri nmnber  and  turbulence  index  represent 
sonlewllat  different flow characteristics, it is natural  to 
consider the success that can be  obtained  by use of 
Ri<0.6 and/or  turbulence  index 23 .0  as a turbulence 
criterion.  From Part  I11 of table 1, we see that  the 
number of correct  identifications of turbulence  is  increased 
to 57 out of 120 (48 percent), while  175 out of 207 (85 

TABLE 2.-Accuracy of analysis of moderate or  severe turbulence 
using  larger  values of Ri and  smaller  values of the  turbulence 
index  than in table 1 .  

I Ri NO. < 1.0 
ANALYZED 

NON-T  TURB 

5 TURB 
0 229 98 327 

JI T i  NO. 2 2.0 
ANALYZED 

n 

207 43 164 NON-T 2 
TURB NON-T 

% TURB 67 
327 96 231 0 

m 120 53 

w 

IU Ri  NO. c 1.0 AND I OR Ti  NO.? 2.0 
ANALYZED 

NON-T TURB 

%! TURB 
m 
0 176  151 327 

NO SKILL 

x =45.7 
S = 0.37 

VOL = 8 Yo 

NO S K I L L  m] x2=  20.6 
S = 0.25 
VOL= 6 'Yo 

NO S K I L L  

x = 47.7 
S = 0.37 

VOL= 13% 
RB-4521-1 

percent) of the  non-turbulent  areas  are  identified.  Thus, 
an increase in  the first percentage  is  accompanied by a 
decrease in  the second. Stated differently, a larger 
number of hits  in specifying  turbulence  is obtained a t  the 
cost of incorrectly  identifying  more  non-turbulent  areas 
as being turbulent. Since there is some  overlap  in  the 
regions specified by  the  two  criteria,  the  volume  in  Part 
111 is  slightly less than  the  sum of the  two  separate 
volumes. 

The accuracy  in  identifying  turbulent regions  shown in 
table 1 is  far less than we desire,  even though  positive 
skill has been demonstrated. If the criteria are relaxed, 
more  correct  identifications of turbulence  are  made,  more 
errors are  nmde  in specifying non-turbulent regions as 
turbulent,  and volumes of atmosphere  involved  are 
increased (table 2) .  Some of these  errors may  be  due  to 
a lack of flights a t  the  altitude  and place  identitied as 
turbulent,  i.e.,  turbulence  that existed may  not 11ave been 
detected by aircraft  in  the region.  Skill  scores and  values 
of x2 in  table 2 are similar to those of the previous table; 
however, the results of table 2 may be of greater  opera- 
tional  value  since S5 out of 120 (71 percent) of the 
turbulent cases are  correctly identified. 

These encouraging  results nlay be  due  in  part  to  the 
exclusion of light  turbulence (which frequently occurs in 
smdl patches  not clearly  related  to  identifiable  phenom- 
ena,) from  the  turbulent (T) ctltegory. At  any  rate, 
positive sldl   in analyzing  moderate  or  severe  turbulence 
has been demonstrated using  two quantities  calculated 
directly from stnndtwd upper-air  observations. N o  plot- 
ting  or  analysis  precedes  the  computation. A quantity 
(the  turbulence  index) has been found  that has accuracy 
equivdent  to  Richardson's  number  as a turbulence 
criterion,  judged  on  the  basis of a reasonably  large  sample 
of data. Combined  use of the Ri number  and  turbulence 
index  gives better  analyses  than sole use of either.  These 
results  have been obtained  in  spite of discrepancies  which 
are  due  to  the  subjectivity of turbulence  reports  and  to 
upper  air data  not perfectly  coincident in time  and  space 
with  the  turbulence  observntions. 

6. CONCLUDING REMARKS 
Further  studies of turbulence  criteria  should  be  directed 

to  increasing the percentage of correct  identifications of 
turbulent  areas,  and  to  reducing  the  volume identified 
as turbulent  toward  the 5-percent value  that is realistic. 
It is our impression that  improvement could be accom- 
plished, in  part,  by de-emphasizing the high-pressure  side 
of jet  streams (where turbulence is sometimes  absent  even 
when Richardson's  number  is  small  and the  turbulence 
index  is  large). Since vorticity has been  shown to  be 
related  to  turbulence [3], and because vorticity is  large to 
the  north of jets and small to  the  south,  this  quantity 
might  be  included  in  turbulence  criteria.  Or  instead of 
vorticity (bv/bx-bu/by), the  product (bvlbx) (bzclby) 
might  be used. I n  a typica.1 upper-air  pattern,  this  term 
will have largest  magnitudes  near  troughs or  ridges  on the 
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low-pressure side of j e l  StreaIl1S, i.e., in regions that are 3. D. Colson, “Summar of High Level Turbulence  Program for 
often  turbulent.  For  the h4nrch 15 data,  the Scorer 4-9 February  1963,”  Paper  presented at Fifth  Conference on 
number ge-I(de/d~) [V(d2V/d.~2)]-1 was calculatecl. Al- Applied htctcorology,  Atlantic  City, New Jcrscy,  1964. 

though inaccuracies in wind data  make  the calculated 
4. R.  M. Endlich,  “The Mesoscale Structure of Some Regions of 

Clear- Air Turbulence,” Joawnal of Applied  dfeteorology, vol. 
second derivatives  somewhat  unreliable,  this  nunlber 3, No. 3, June 1964, pp. 261-276. 
appefmd  to  identify some turbulent regions not  indicated 
by Richardson’s  number  or the turbulence index There- 
fore, the Scorer  number may have  practical  application. 
‘If a convenient  means were lound  for  calculating  vertical 
motion in the  upper  troposphere  on  a  sub-synoptic 
scale,  this quantity  might also be useful in  turbulence 
malysis.  This  enumeration is not intended  to  be  es- 
Ilaustive, but  rather  to  indicate  types o€ parameters  that 
have  potential use in  improving  turbulence  analysis. 

I n  evaluating the Xi number  and  turbulence  index (or 
m y  other  criteria)  for clear air  turbulence, it would be 
desirable to  have a record of the  intensity of turbulence 
in each  layer a t  each station,  obtained by a sensor flown 
with the radiosonde instrument.  In  that case, one could 
determine  to  what  extent  turbulence  intensity is related 
quantit.ati\;ely to  the criteria.  Moreover,  the  amount of 
useful data would be  tremendously  enlarged,  and  opera- 
tional  analysis would be  greatly  facilitated. As matters 
stand, comparisons of turbulence  reports  and  meteorologi- 
cal  quantities  are confined mainly  to  major  air  routes. 
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